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Summary

Frequency and phase noise 1in quartz cry-

stal resonators are studied as a function of the
driving power. At low power, where the crystal
behaves linearly, 1/f fluctuations of the reson-
ance freugency are observed. At medium power the
nonlinearities of the crystal significantly
“increase the phase fluctuations at low Fourier
frequencies. At high power, thermal instabil-
ities and chaotic behavior occur characterized

by the generation of high level white noise.
Introduction

The short and medium term frequency stabil-
ities of quartz crystal oscillators are limited
by additive and parametric noises of the elec-
tronics and by parametric noise of the quartz
resonator.l In an oscillator it is not always
possible to distinguish between these different
contributions and thereby determine the level of
' frequency fluctuations of the resonator. A
significant advance in solving this problem came
with the introduction of a new technique to test
quartz crystals independently of the oscillator
This

flicker and random walk frequency noises of

. 2
electronics. enabled measurements of

various pairs of crystals at different frequen-

2,3

cies and of different origins. A second

advance on the same problem came with the intro-
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duction of the concept of a dual crystal system,
in which a quartz oscillator with good spectral
purity is phase locked to a passive quartz

In this

stability in medium and long term is dominated

resonator.4 approach, the frequency
by the passive quartz resonator and hence its
stability becomes observable. Such measurement
systems can be used for comparing quartz crystal
instabilities and for trying to understand the
origins and the mechanisms of these frequency
fluctuations.

The previous measurementsz’3 have shown
that the resonance frequency of quartz resona-
tors exhibits flicker (1/f) fluctuations
random walk (l/fz) fluctuations.

frequency noise has been shown to be correlated
3,5

and
Random walk
to temperature fluctuations. The mechanisms
contributing to the generation of 1/f noise are
not well understood yet.

When the resonator is excited at9 a moder-
ately high drive level a large increase of the
noise level is observed at low Fourier frequen-
It will

is due to the nonlinearities of the crystal. At

cies. be shown that this excess noise

very high drive levels, the resonator can exhibit

chaotic behavior producing high level white

noise.



Measurements at Low Power

the
first time in ref. 2, will be briefly described.

The measurement system, presented for
As schematically shown in Fig. 1, two identical
resonators (or two that adjusted to be nearly
identical) are driven at their resonance frequen-
cy by a frequency source with high spectral

purity. When the two resonators are at the same
frequency (frequencies are tuned with adjustable
capacitors) and with equal Q-factors (Q-factors
the

frequency fluctuations of the source are rejected
by 50 to 60 dB. The double balanced mixer (DBM)

operated at its quadrature point by means of the

are balanced with additional resistors),

90° phase shifter detects the phase fluctuations
d¢ induced by the frequency fluctuations of each
resonator, following the relation

duz)

do)
ap = -20{—L——2) €8
o]

where Q s the resonator loaded Q-factor and
dwl(dwz) is the instantaneous frequency differ-
ence of the resonance frequency of resonator 1
Equation (1)
is valid for Fourier frequencies within the

(2) from the driving frequency W,

resonator's bandwidth and for low drive powers
Qutside this

it must be corrected to take

(typically 10 pW were used).
bandwidth
account the filtering effect of the resonators.

into

The mixer output is amplified and processed by a
spectrum analyzer, yielding the power spectral
density Sv(f) of the output voltage noise. This
is related to the frequency spectrum of the
resonator S (f),

Yo

5,00 = @sy(f) = 2 sy (H, (@

where p is the mixer sensitivity, and G is the
Tow noise amplifier gain. The corresponding
resonance frequency fluctuations of the resona-

tors are deduced from relation (1) (again for

Fourier frequencies within the resonator's
bandwidth). Each resonator contributes to the
total noise, which is measured. If the two

resonators are identical the noise amplitude of
each of them is obtained by dividing by 42.
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Great care must be taken to minimize the
The

measurements reported below were obtained using

spurious influence of temperature changes.

a digitally controlled oven. Temperature was
The

temperature control loop had a 10_4 K resolu-

measured with a LC-cut quartz sensor.

tion. Additional thermal filtering, with copper

mass and thermal discontinuities, reduced the

residual temperature fluctuations of the cry-
stals under test down to a few pK over a few

SEC.G

The two resonators were in the same oven
and thermally coupled in order to reduce random
This does not perturb 1/f

because 1/f noise

frequency walk noise.

is not
3,5

noise measurements,

correlated with temperature fluctuations.
Qver a day,
order of 5x10°

were operated at their turn-over temperature.

temperature stability was of the

5 K. The resonators generally

This measurement system was used to test 5 MHz,
10 MHz, and 2.5 MHz resonators.

1) 5 MHz
(fifth overtone) were studied.

resonators. Six AT-cut crystals
Two were commer-
cial BVA7 resopators and four were standard

commercial high quality resonators. A typical
spectrum (pair of BVA crystals) is shown in Fig.
2. The

noise.

noise 1is essentially 1/f frequency
The l/f3 noise is due to the filtering
effect of the resonator; this occurs at its half
bandwidth.
frequency noise, S (f), measured 1 Hz from the
carrier was equal to°2.5x10_13/JHz, 2.5x10—13/JHz
and 3.10713/Hz.
J2 under the assumption that the noise of each
Ob-

possible pairs one can

For three pairs of resonators the

The raw data were divided by

resonator in a given pair was identical
viously by doing all
obtain a more accurate value for each resonator
of « this ATl
resonators had unloaded Q-factors in the range
2.5x10° < q < 2.7x10°.

2) 10 MHz resonators.

independent assumption. these

Two kinds were measured:
AT~cut and BT-cut crystals. Both were third
but with very different
5 for AT-cut and 1.7

have

overtone resonators,
Q-factors, typically 3.10
10% for BT-cut. BT-cut
higher Q-factors because this crystallographic

crystals much

orjentation has lower idinternal losses for the

thickness-shear mode.8 Noise spectra are shown



in Fig. 2. A large difference in the noise
levels can be observed between the AT and BT
At 1 Hz from the carrier these levels are
of the order of 7x10—13/JHz for the BT resonators
to 3.2x10-11/JHz for the AT resonators. These

results show a strong dependence between the 1/f

cuts.

noise level and Q-factor.

3) 2.5 MHz resonators. Two pairs of fifth over-

AT-cut resonators were tested with un-
6 Although these

loaded Q-factors close to 4x10°.
pairs had almost the same Q-factors, the noise

tone,

levels differed by almost one order of magni-
tude. The presence of 1/f2 noise in the spectra
of Syo(f) indicates that the sensitivity to
temperature fluctuations are very large for this
type of resonator. The 1/f noise power 1 Hz
from the carrier, evaluated for each individual
crystal, was plotted as a function of the un-
loaded Q-factors in fig. 3. A linear regression
among these experimental points gives

2

Sy (1 Hz) S6E (3

o]

These results are also summarized in Table I.

The data

noise on the resonator's

show a clear dependence of 1/f
unloaded Q-factors,
following a 1/Q4 law. The only exception occurs
with the 2.5 MHz (#2)

excessive noise most

crystals, which show
likely due to thermal
transient effects.
If these crystals are used in an oscilla-
tor, the 1/f spectrum will give a flicker floor
in time domain, whose corresponding values are
given in Table I, and which corresponds to the
best stability achievable in that case with an

oscillator.

Measurements at Medium Power

when the

increased

drive level of the crystal is

it exhibits nonlinear effects due
mainly to the higher order elastic constants.
This 1is the well

effect where distortions appear in the amplitude

known amplitude frequency

and phase resonance curves and even hysteresis

can be deve]oped.9

The

driven in transmission can be represented by the

nonlinear behavior of a resonator,

phenomenological relation,

2

d™i w, di 2 2
—3 + — — + wo[l - 2e(Q) cos OQt] (1 + ki%)
dt Q dt
= F cos wt, (1)
where i is the current through the crystal, Q
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the loaded Q-factor, and F the amplitude of the
driving force. k is the nonlinear coefficient
(related to the next higher order elastic con-
stants).

the resonance angular frequency W which repre-

e(Q) cosQt introduces a modulation of

sents the frequency noise of the resonator.
Solving this equation with a perturbation method
gives the phase noise of the output signal.

Let Syo (Q) be the frequency noise spectrum
of the crystal.
in the the

phase spectrum is given by

When driving it at Tow power,

Tinear range, the corresponding

2

w

= 0

Sq) @ =3 @ 3 (5)

o a2+ w§/4Q2

At medium levels, when the resonator is driven
near the jump freguency, the phase spectrum
becomes

@ + w2/4Q%)

w

[a%] (=20 ]

> @ =3 (@) (6)

) Q (Qz + wg/Qz)
Thus the ratio between the phase noises at medium
and low powers is

2

S (medium power) Q° + 2

1%0/4(12 )
(7

S¢(1ow power) QZ (QZ+ mg/Q2)
This ratio goes to unity for Q >> wo/Q and is
equal to w’/160%0° for @ << w /4Q.

the induced phase noise for the lower Fourier

Therefore

frequency components can be greatly increased by

the crystal nonlinearities. Such a noise was



experimentally observed on a 5 MHz (5th overtone
AT-cut) resonator driven at 2.5 mW, as shown on
Fig. 5.

It should be noted that higher drive levels
were once considered as a means to improve the
(white phase noise) signal/noise ratio and
therefore the short term stability in oscilla-
tors. However, our results indicate this is not
in general a practical solution since the non-
linear response of the resonator increases the

close in noise at the same time.

Measurements at High Power

still

exhibit large instabilities.

For higher Tevels, quartz resonators

Such phenomena are
known in nonlinear systems as chaotic behavior
Chaos has been observed in many different sy-

stemslo, for example phase locked 1oops11

12,13

and
Josephson junctions which can be considered
as low Q-factor resonators. The main difference
between these systems and quartz crystal resona-
tors stem from the high Q-factor and thermal
effects, which strongly modify the behavior of
the crystal at high power.
induces

The dissipated power large tempera-

ture rises. Positive or negative frequency
shifts follow according to the sign of tempera-
to the

location of the operating temperature on the

ture coefficient of the resonator, i.e.

frequency-temperature characteristics.

the

coefficient is negative (of the order - 4 Hz/K).

Near room temperature, temperature

A temperature rise will induce a negative fre-
quency shift, which can be large enough to pull
the crystal to the frequency where the down jump
phenomenon occurs (Fig. 4). Thus the amplitude
becomes much smaller decreasing the dissipated
power. Temperature therefore decreases causing
the frequency to increase until it reaches the
second jump and so on. This gives a cycling

with large amplitude and phase perturbations, as
shown

the

in Fig. 6. This phenomenon occurs when

amplitude-frequency effect and
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the temperature coefficient have opposite signs.

Above the turn-over temperature the sign of
the temperature coefficient becomes positive.
In this case the temperature rises, inducing a
positive frequency change, which corresponds to
This

is equivalent to increasing the nonlinearities

an additional amplitude-frequency effect.

of the crystal. Fig. 7 illustrates the ampli-
tude resonance curve of a 5 MHz (AT-cut, fifth
overtone) crystal excited with a 7 V rms driving
signal. As the drive frequency increases the
crystal goes from stable state to chaotic states.
The transition is sudden, and no set of cascading
subharmonic bifurcations is observed, as
The

absence of subharmonics is explained by the high

would be the case in low-Q resonators.
Q of the quartz crystal, which filters all the
subharmonic frequencies, which are out of its

lTinewidth.

The sideband frequency noise of the trans-
mitted signal was measured in the same condi-
tions. In Fig. 8 the power spectral density of

2
a f

This corresponds to a

frequency fluctuations shows dependence
versus Fourier frequency.
white phase spectrum, characteristic of the
generation of white noise in the crystal resona-
tor by the chaotic behavior (white noise was

also observed 10-13

in other chaotic systems.
-34 dB
(radz/Hz), which is about 80 dB larger than the

phase noise levels of Fig. 5.

The level of this phase noise is SQ =

Conclusion

The noise behavior of a quartz crystal
resonator is strongly influenced by the ampli-
tude of the oscillation and the corresponding
nonlinearities. At Jow power 1/f frequency
noise is observed. At medium power the nonlin-
ear response cf the crystal can amplify this
noise and give larger phase fluctuations. At
high power, thermal effects become an additicnal
At sufficiently high

drive power chaotic states take place which

source of instability.



generate very large white phase noise. The
problem of chaos is of most interest however,
from the basic physics point of view. The

theory of cascading bifurcations 1is a good

explanation of how a deterministic system can
have stochastic solutions although it does not
directly apply in the case of quartz crystal,

because of the high Q-factors.
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resonator 2. »1441 2.2 '2“’ SR;’;Z 5 Miz 5 Mz 10 Mz 10 Mz 10 Mz 10 Wz 10 M2
crystal cut AT AT AT AT AT AT AT BT 81 BT
a, 4.10% 4.10° 2.6.10% 2.7.10% 2.4.10% 2.5.10% 3.10° 1.5.10% 1.8.10° 1.9,10%
5, (1 Hz) 2.5.10-%¢ | 2.4.10-2" | 6.2.10-2¢ | 5.8.10-2® 9.1p-28 1.10-2' | 6.5.1072% | 2.6.10-%" 2.10-2 | 5.0.10-%%
Flicker floor| 1.9.10717 | 1.5.10-12 | 2.9.10-% | z.e.10-1% | 3.5.10-1% | 3.7.00-1 | 3.0.10010 ) 109010702 | 907000712 | 63000713

Table 1

1/f noise level at t Hz from the carrier, and corresponding flicker floor, for the different samples

(2.5 Miz # 2 crystals were not taken 1nto account 1n the linear regression of Fig. 3)

Syl 1)

—

10

Fractional frequency fluctuations
=3

=25 -

10

10

crystal 1 phase

low noise
amplifier
crystal 2

Fig. 1 : Passive frequency noise measure-

ment system :

Relative phase fluctuations induced by the two
resonator's resonance frequency fluctuations are
measured with a phase bridge composed of a 90°
phase shifter and double balanced mixer (DBM)

22 =
0

23 -

-24 -
o)

>

Mixer sensitivity : 0.15 V/rad at 5 Miz
Amplifier gain : 500

spectrum

analyser
Frequency D m
source D

0.01

T T J
0.1 1 10

Fourier frequency { (Hz)

Fig. 2 The solid curve shows the apparent
frequency noise spectrum of 2.5 MHz, 5 MHz, and
10 MHz resonators. At Fourier frequencies above
the half bandwidth, the spectrum must be cor-
rected for the filtering effect of the resona-
tors yielding the dashed lines.
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Fig. 7. Stable and unstable states of a 5 MHz
resonator driven at high power.
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Fig. 8. Freguency fluctuations of a resonator
driven at 7 VRMS illustrating the chaotic state
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